INTRODUCTION
============

Recent increases in global temperature have raised concerns regarding the impacts of high temperatures on health. However, the impacts of extreme weather vary across regions \[[@b1-jpmph-52-1-1],[@b2-jpmph-52-1-1]\]. Studies of the health effects of high temperatures have been conducted, but most were studies on mortality. Meanwhile, few studies have investigated the impacts of high temperatures on morbidity \[[@b3-jpmph-52-1-1]-[@b7-jpmph-52-1-1]\].

Studying the health effects of rising temperatures can promote public health in multiple ways \[[@b3-jpmph-52-1-1]\]. First, an understanding of how temperature affects mortality and morbidity in various populations can help predict how temperature changes will affect human health \[[@b3-jpmph-52-1-1]\]. Based on these results, public health interventions can be targeted towards vulnerable subgroups \[[@b3-jpmph-52-1-1],[@b8-jpmph-52-1-1]\]. Second, such analyses can provide new insights into ways of reducing the socioeconomic burden associated with major chronic diseases, such as cardiovascular, respiratory, and renal diseases \[[@b3-jpmph-52-1-1],[@b9-jpmph-52-1-1]\].

An insufficient number of studies have investigated the relationships of changes in temperature with the development of kidney disease \[[@b10-jpmph-52-1-1]\]. In some studies, however, it has been documented that extremely hot weather can cause susceptible subjects to experience heat-related conditions, such as hyperthermia and heat stress or strain; meanwhile, adjusting the body temperature and circulation to cope with elevated temperatures can put stress on the kidneys and impair the function of the renal system \[[@b11-jpmph-52-1-1]-[@b17-jpmph-52-1-1]\]. According to a study by Kovats and Hajat \[[@b13-jpmph-52-1-1]\], a remarkable spike in emergency admissions for kidney disease occurred due to a rise in temperature. In particular, this tendency has been found in vulnerable groups in various studies \[[@b14-jpmph-52-1-1]-[@b17-jpmph-52-1-1]\]. For example, people who are at risk of developing kidney dysfunction, such as the elderly, are at high risks of hyperthermia, electrolyte imbalance, dehydration, acute renal failure, heat stroke, and heat strain in extremely hot weather \[[@b10-jpmph-52-1-1],[@b13-jpmph-52-1-1]-[@b17-jpmph-52-1-1]\].

Although previous studies have shown associations between high temperatures and kidney disease, no systematic review and meta-analysis of the relationship between high temperatures and kidney disease has been conducted. Therefore, this study aimed to evaluate the associations between high temperatures and morbidity due to kidney disease through a systematic review and meta-analysis.

METHODS
=======

Study Selection
---------------

Two independent researchers (WSL and WSK; both medical doctors) searched for related studies in PubMed and Embase in October 2017, using the title index (TI). The search keywords were related to high temperatures ("hot" \[TI\] or "heat" \[TI\] or "temperature" \[TI\] or "warm" \[TI\]) and kidney disease ("nephro" \[TI\] or "kidney" \[TI\] or "renal" \[TI\] or "genitourinary" \[TI\] or "calculus" \[TI\] or "hospital admission" \[TI\] or "hospitalization" \[TI\] or "emergency room visit" \[TI\] or "emergency department visit" \[TI\]). We used the TI because too many words such as "hot topic" or "hot issue" or "hot pepper" appeared in full-text searchers. The search language was limited to English and Korean.

The titles and abstracts of relevant studies were first reviewed, and then the whole text was reviewed. Two researchers independently checked each article, and if their opinions differed, a third researcher (YHL; PhD in health statistics) mediated the final decision. The studies to be analyzed were limited to those on human populations and included all ages. The research designs included in the analysis were case-crossover studies, cohort studies, and time-series analyses. We excluded reviews, letters, case reports, gray literature, pre-clinical studies, and studies without an abstract or full text \[[@b18-jpmph-52-1-1]\]. We required the effect estimates of the studies to be presented as odds ratios (ORs), relative risks (RRs), or percentage changes, along with 95% confidence intervals (CIs).

Statistical Analysis
--------------------

The results of the studies included in the analysis were summarized and tabulated. In most studies, the efficacy estimates were expressed as ORs or RRs with 95% CIs, but percent changes were reported in some studies \[[@b3-jpmph-52-1-1]\]. The results presented as percent changes were converted to ORs. The summarized statistics are expressed as RRs with 95% CIs \[[@b3-jpmph-52-1-1]\]. Some studies had thresholds and showed effects at temperatures above the threshold. Temperatures presented in Fahrenheit (°F) were converted to Celsius (°C). The results extracted from the studies were transformed to a logarithmic scale for the meta-analysis. Stata version 14.2 (StataCorp., College Station, TX, USA) was used for the meta-analysis of all results.

If considerable heterogeneity was found between studies, we calculated the combined effect estimates by a random-effects model \[[@b3-jpmph-52-1-1]\]. The *I*^2^ statistic was used to measure heterogeneity, which was classified as low when *I*^2^ was less than 25%, moderate between 25% and 75%, and high at values of 75% or more \[[@b18-jpmph-52-1-1]\]. In order to evaluate the possible demographic variables that could affect kidney disease, we performed subgroup analyses for disease (renal colic or kidney stones vs. other kidney diseases), study design (time series vs. other study designs), and the temperature measure (mean temperature vs. heat wave or heat strain). For other kidney diseases and other study designs, the number of studies was too small for a more specific analysis, so they were bundled into the category of 'other.'

The Egger test was used to evaluate publication bias, and the degree of symmetry in the funnel plot was observed \[[@b19-jpmph-52-1-1],[@b20-jpmph-52-1-1]\]. The *p*-value for statistical significance was derived from the Egger test.

Quality Assessment
------------------

The Newcastle-Ottawa Scale (NOS) was used to assess the quality of the studies. Because of the variable characteristics of exposure to rising temperatures, it is difficult to study this issue in a randomized manner, so all studies included in the analysis were observational. Assessing the quality of observational studies is essential for properly understanding their findings and the significance thereof. The NOS is a quality-assessment measure developed by researchers at the University of Newcastle, Australia, and the University of Ottawa, Canada. This scale can be used both for randomized studies and for observational studies, and it is widely used for the interpretation of results in meta-analyses. In the following 3 broad categories, each item is assessed, and a star is awarded according to a predetermined standard: selection of subjects, the comparability of the study groups, and the ascertainment of exposure or outcome for each study design \[[@b18-jpmph-52-1-1],[@b21-jpmph-52-1-1]\]. We defined good-quality studies as those with 3 or 4 stars in the selection domain, 1 or 2 stars in the comparability domain, and 2 or 3 stars in the exposure/outcome domain \[[@b21-jpmph-52-1-1]\]. Fair-quality studies were defined as those with 2 stars in the selection domain, 1 or 2 stars in the comparability domain, and 2 or 3 stars in the exposure/outcome domain. Poor-quality studies were those with 0 or 1 star in the selection domain, 0 stars in the comparability domain, or 0 or 1 star in the exposure/outcome domain \[[@b21-jpmph-52-1-1]\].

RESULTS
=======

A total of 844 papers were found in the initial search: 376 through PubMed and 468 through Embase. After removing 474 duplicates, the title and abstract of 370 papers were reviewed. After reviewing the title and abstract, 299 articles were excluded, and 71 articles underwent full-text review. After excluding 60 articles according to the selection criteria, 11 studies were selected for the meta-analysis. [Figure S1](#SD1-jpmph-52-1-1){ref-type="supplementary-material"} displays a schematic diagram of the search process.

[Table 1](#t1-jpmph-52-1-1){ref-type="table"} shows the information extracted from the studies included in the analysis. Of the studies included in the analysis, 4 were studies on renal colic or kidney stone, 3 presented results for the incidence or hospital admissions of kidney disease, 2 provided results for acute kidney injury admissions, and 2 presented effect estimates of incidence or hospital admissions for acute renal failure. A time-series design was applied in most of the studies, using either a distributed lag non-linear model (DLNM) or a generalized additive model.

Confounding factors, such as atmospheric pressure, humidity, wind speed, air pollution, influenza or pneumonia, day of the week, the holiday effect, long-term trends, daily fluctuations in outdoor activities, and season \[[@b10-jpmph-52-1-1],[@b12-jpmph-52-1-1],[@b22-jpmph-52-1-1]-[@b25-jpmph-52-1-1]\] were considered. In most studies, temperature was defined as the daily average temperature and daily maximum temperature, but some studies used the daily minimum temperature or apparent temperature \[[@b3-jpmph-52-1-1]\]. A lag effect was considered in almost all studies, ranging from 0 to 21 days.

Several approaches were used to assess the associations between temperature and kidney disease morbidity. Six studies had thresholds above a particular temperature. In these studies, various techniques were used to identify the threshold values. In the absence of thresholds, some studies investigated the effects of high temperatures above a certain percentile. In studies with thresholds, temperatures ranging from 25.4°C to 35.0°C were the thresholds for high-temperature effects.

Most studies predicted that there would be a change in the effect of high temperatures based on a certain threshold, instead of a perfectly linear relationship. Only 1 study assumed that the effects of temperature would be linear \[[@b25-jpmph-52-1-1]\]. To investigate delayed effects and non-linear associations between high temperatures and kidney disease, some studies used a DLNM \[[@b24-jpmph-52-1-1]\]. The advantage of this model is that it can calculate the cumulative effect of temperature on several days after adjusting for the collinearity of temperature on adjacent dates and estimating the non-linear exposure-response association \[[@b24-jpmph-52-1-1],[@b31-jpmph-52-1-1]\]. [Table 2](#t2-jpmph-52-1-1){ref-type="table"} summarizes the results of each of the studies included in the meta-analysis.

[Figure 1](#f1-jpmph-52-1-1){ref-type="fig"} shows the results of a meta-analysis of all studies on high temperatures and kidney disease morbidity. Tasian et al. \[[@b22-jpmph-52-1-1]\] presented results for 5 metropolitan cities (Atlanta, GA, Chicago, IL, Dallas, TX, Los Angeles, CA, and Philadelphia, PA) in the USA. Tawatsupa et al. \[[@b27-jpmph-52-1-1]\] presented separate results by sex (male vs. female) in Thailand. Tasian et al. \[[@b22-jpmph-52-1-1]\] and Tawatsupa et al. \[[@b27-jpmph-52-1-1]\] did not present aggregated results; instead, each result was presented separately. The estimates of pooled effects for all studies using a random-effects model showed that high temperatures were associated with a 30% increase in kidney disease morbidity (95% CI, 20 to 40).

Subgroup analyses were performed for renal colic or kidney stones in comparison to other kidney diseases. Because the number of studies with diseases other than renal colic or kidney stones was too small, the broad category of other kidney diseases was used. [Figure 2](#f2-jpmph-52-1-1){ref-type="fig"} shows the results of the disease-specific subgroup meta-analysis. For renal colic or kidney stones, high temperatures increased the risk of disease by 32% (95% CI, 24 to 40). For other kidney diseases, high temperatures increased the risk of disease by 27% (95% CI, 12 to 43), and both of these results were statistically significant.

A subgroup analysis was also performed for time-series studies in comparison to studies with other designs. Pincus et al. \[[@b26-jpmph-52-1-1]\], Tawatsupa et al. \[[@b27-jpmph-52-1-1]\], Moyce et al. \[[@b29-jpmph-52-1-1]\], and Ogbomo et al. \[[@b30-jpmph-52-1-1]\] utilized other study designs. [Figure 3](#f3-jpmph-52-1-1){ref-type="fig"} shows the results of the study design--specific subgroup meta-analysis. In the time-series studies, high temperatures increased the risk of disease by 34% (95% CI, 22 to 48). In studies with another design, high temperatures increased the risk of disease by 22% (95% CI, 9 to 36), and both of these results were statistically significant.

An additional subgroup analysis was performed based on whether studies defined high temperatures in terms of the mean temperature or in terms of heat wave or heat strain. Tawatsupa et al. \[[@b27-jpmph-52-1-1]\], Bobb et al. \[[@b28-jpmph-52-1-1]\], and Moyce et al. \[[@b29-jpmph-52-1-1]\] used heat wave or heat strain. [Figure 4](#f4-jpmph-52-1-1){ref-type="fig"} shows the results of the temperature measure--specific subgroup meta-analysis. In studies that used the mean temperature, high temperatures increased the risk of disease by 36% (95% CI, 24 to 50), which was statistically significant. In studies that used heat stress or heat strain, high temperature increased the risk of disease by 16% (95% CI, 7 to 25), which was also statistically significant.

For all study and subgroup analyses, the *I*^2^ values ranged from 21.9% to 80.2% and the heterogeneity across the studies was moderate. Since the *I*^2^ value of all studies was more than 50%, the use of a variable-effects model was considered appropriate.

In order to examine the tendency toward publication bias in a schematic manner, we created a funnel plot as shown in [Figure S2](#SD2-jpmph-52-1-1){ref-type="supplementary-material"}. We concluded that the possibility of publication bias was low because the funnel plot was relatively symmetrical and the result of the Egger test was not statistically significant (*p*=0.083).

We conducted a quality assessment of the 11 studies included in the meta-analysis, as shown in [Table S1](#SD3-jpmph-52-1-1){ref-type="supplementary-material"}. The majority of the studies included in the meta-analysis were of good quality. However, the studies of Tawatsupa et al. \[[@b27-jpmph-52-1-1]\] and Moyce et al. \[[@b29-jpmph-52-1-1]\] were assessed as fair-quality.

DISCUSSION
==========

This meta-analysis evaluated the effects of high temperatures on kidney disease morbidity, and confirmed that elevated temperatures were associated with kidney disease. Both disease- and study design--based subgroup analyses showed consistent results. However, in the disease-specific subgroup analysis, the effect estimate for renal colic or kidney stones was larger than for other kidney diseases. In the study design--specific subgroup analysis, the effect estimate of the time-series analyses was larger than that of studies with other designs. In the subgroup analysis according to the temperature measurement method, both groups showed significant results. However, the effect size was larger in the studies where the threshold temperature was set by measuring the mean temperature.

The effects of high temperatures are generally acute and are known to occur in a short period of time \[[@b3-jpmph-52-1-1],[@b32-jpmph-52-1-1]\]. Our results for other kidney diseases support these observations. However, renal colic and kidney stones showed longer lag effects. Although it is difficult to reach definitive conclusions about the lag effects of heat because of the small number of studies, most kidney diseases tend to occur within a short period of time, whereas kidney stones may take some time to develop.

In other meta-analyses, the mortality rate due to high temperatures varied across studies; however, it was found that mortality increased by 1%-5% when the temperature rose by 1°C and that heat-related deaths were mostly caused by cardiovascular and respiratory diseases, especially in the elderly \[[@b33-jpmph-52-1-1]\]. In addition, the mortality rates were particularly high among those confined to bed and among those with mental illnesses \[[@b34-jpmph-52-1-1]\]. In other meta-analyses on morbidity, blood pressure became significantly elevated as temperature dropped \[[@b35-jpmph-52-1-1]\]. As temperature increases, so does the risk of various diseases, such as diarrhea \[[@b36-jpmph-52-1-1]\], dengue fever \[[@b37-jpmph-52-1-1]\], and cardiovascular and respiratory diseases \[[@b3-jpmph-52-1-1]\].

In the literature search, we found that studies on kidney disease due to elevated temperatures included acute renal failure, acute kidney injury, kidney stones, renal colic, abnormal kidney function, and kidney tumors. Many studies of acute kidney injury and acute renal failure analyzed workers in high-temperature environments or people who engaged in outdoor activities. Studies of renal dysfunction and kidney tumors, in contrast, were generally based on experimental studies or hypotheses. In studies of abnormal kidney function, the index for evaluating renal function was not unified, and a different index was presented in each study. Therefore, we did not include abnormal kidney function or kidney tumors in this meta-analysis.

The heterogeneity observed in the sensitivity analyses and the variability among study results may be related to various factors. The fact that most of the studies were performed in temperate regions supports pooling the studies. However, differences in the locations where the studies were conducted likely contributed to the observed heterogeneity. It is also possible that factors such as other research periods, different characteristics of the population groups, and socioeconomic conditions contributed to the heterogeneity \[[@b3-jpmph-52-1-1]\], as well as other factors such as the use of air conditioners \[[@b38-jpmph-52-1-1]\]. It is also possible that differences in research design, different modeling methods, and the use of different confounding variables led to heterogeneity.

We indirectly considered the effects of adaptation to high temperatures on kidney disease in this study by only including studies that showed RRs at or above the threshold temperature compared to below the threshold temperature, which was determined based on an assessment of the temperature at which changes in disease morbidity were expected in the study area.

The effect of diurnal temperature range on kidney disease may be another issue to consider. To the best of our knowledge, studies on the diurnal temperature range and kidney disease have not yet been conducted, but studies have investigated the relationships of the diurnal temperature range with mortality, cardiovascular disease, and respiratory diseases \[[@b39-jpmph-52-1-1],[@b40-jpmph-52-1-1]\]. In some of those studies, the results were significant, suggesting that further studies on diurnal variation and kidney disease will be necessary \[[@b39-jpmph-52-1-1],[@b40-jpmph-52-1-1]\].

The present study has the following strengths. First, this is the first meta-analysis of associations between high temperature and morbidity due to kidney disease, to the best of our knowledge. Second, the Egger test and a funnel plot analysis showed that the possibility of publication bias was low, and the quality of the studies included in the meta-analysis was quite good, as assessed using the NOS.

This study also has several limitations. First, the number of studies included in the meta-analysis was relatively small, and the research design focused on time-series analyses. The studies were conducted in limited areas, and therefore do not reflect the impact of all climatic conditions \[[@b3-jpmph-52-1-1]\]. For this reason, caution is needed when generalizing the results through a meta-analysis. However, we observed consistent results in the studies included in the meta-analysis, and the relatively high quality of these studies further confirms the reliability of our findings. Second, we used the TI and only included published studies. Therefore, there is a possibility that publication bias may have been caused by excluding unpublished studies or studies not found through the TI \[[@b18-jpmph-52-1-1]\]. However, the Egger test showed that our results were not significantly affected by publication bias. Third, studies using different criteria for high temperatures were included in this meta-analysis; for examples, some studies used the criterion of a specific temperature percentile, some used threshold values determined through a dedicated analysis, and others focused on heat wave events. This means that the meta-analysis was conducted without standardizing the criteria for defining high temperatures. Therefore, careful attention should be paid to the linear analysis of the results, even though a random-effects model was applied. Finally, there could have been significant differences among the studies included in this meta-analysis according to the study method, sample size, sex and age of the study population, and discrepancies in the kidney function and kidney disease indices used in each study.

CONCLUSION
==========

We found that morbidity due to kidney diseases increases at high temperatures. This finding suggests that public awareness and surveillance of kidney disease, particularly kidney stones, is necessary when temperatures become elevated.
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![Meta-analysis (overall study, ordered by the year of publication) of heat effects on kidney disease morbidity. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L overall, DerSimonian and Laird random-effects estimate.](jpmph-52-1-1f1){#f1-jpmph-52-1-1}

![Meta-analysis (disease-specific and overall, ordered by the year of publication) of heat effects on morbidity related to renal colic or kidney stone, other kidney disease. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L overall, DerSimonian and Laird random-effects estimate.](jpmph-52-1-1f2){#f2-jpmph-52-1-1}

![Meta-analysis (study design-specific and overall, ordered by the year of publication) of heat effects on morbidity related to time series, other study design. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L overall, DerSimonian and Laird random-effects estimate.](jpmph-52-1-1f3){#f3-jpmph-52-1-1}

![Meta-analysis (temperature measure-specific and overall, ordered by the year of publication) of heat effects on morbidity related to mean temperature, heat wave or heat strain. ES, effect size (per allele odds ratio); I-V overall, inverse-variance fixed effects estimate; D+L overall, DerSimonian and Laird random-effects estimate.](jpmph-52-1-1f4){#f4-jpmph-52-1-1}

###### 

Characteristics of the studies included in the meta-analysis

  Authors and year of publication                  Population/data source/outcomes investigated                                                                                                                                                                                                                                                                                            Location and period of data obtained                                                                     Study design                                             No. of events   Daily temperature measure(s)                                 Variables controlled for                                                                                                                                                                                  Lag (d)   Outcome measurement
  ------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- -------------------------------------------------------- --------------- ------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------- ------------------------------------------------------
  Hansen et al., 2008 \[[@b12-jpmph-52-1-1]\]      Hospital admissions data for the Adelaide metropolitan area, admissions for renal disease, acute renal failure, and renal dialysis                                                                                                                                                                                                      Adelaide, South Australia, Jan 1995 to Dec 2006                                                          Case series approach, Poisson regression models          2796            Mean temperature                                             Exclusion of the cool season and analysis conducted within years adjusted for long-term trends                                                                                                            3 to 8    Admissions for renal disease and acute renal failure
  Pincus et al., 2010 \[[@b26-jpmph-52-1-1]\]      Patients with renal colic who presented over a 7 y period to the emergency department of a single inner-city Melbourne hospital                                                                                                                                                                                                         Melbourne, Australia, Jan 1999 to Dec 2005                                                               Non-parametric analyses                                  3070            Mean temperature                                             No exclusion criteria                                                                                                                                                                                     \-        Presentation of renal colic
  Tawatsupa et al., 2012 \[[@b27-jpmph-52-1-1]\]   Data were derived from baseline (2005) and follow-up (2009) self-report questionnaires from a large national Thai Cohort Study                                                                                                                                                                                                          Bangkok, Thailand, 2005 to 2009                                                                          Logistic regression model                                405             Heat stress                                                  Adjusted age, alcohol consumption,, smoking, body mass index, income, education, job type, and job location                                                                                               \-        Incidence of kidney disease
  Lin et al., 2013 \[[@b10-jpmph-52-1-1]\]         Taiwan\'s National Health Insurance Research Database; age-specific (\<65 y, 65+ y and all ages); hospital admission records of nephritis, nephrotic syndrome, or nephrosis, in the form of electronic insurance reimbursement claims                                                                                                   Taipei, TaoHsinMiao, KeeYi, Central Taiwan, YunChiaNan, East Taiwan, and Southern Taiwan, 2000 to 2008   Time series, DLNM                                        861 763         Mean temperature                                             Consecutive temperature extremes, daily area-specific averages of PM~10~,NO~2~,O~3~, relative humidity and wind speed, influenza and pneumonia, holiday effects, day of the week, and long-term trends    0 to 8    Kidney disease hospital admissions
  Bobb et al., 2014 \[[@b28-jpmph-52-1-1]\]        Medicare inpatient claims data and assembled data from 27.9 million Medicare beneficiaries per year, aged 65 y or older, enrolled in the fee-for service program for at least 1 mo; daily cause-specific hospitalization rates by principal discharge diagnosis codes, grouped into 283 disease categories using a validated approach   1943 counties in the USA, 1999 to 2010                                                                   Time series, log-linear mixed-effects regression model   6850            Heat wave                                                    County-level factors and temporal trends by matching heat wave days to non-heat wave days by county and week and by adjusting for day of the week and study year                                          0 to7     Hospitalization for renal failure
  Tasian et al., 2014 \[[@b22-jpmph-52-1-1]\]      Insured population using the Market Scan Commercial Claims database; kidney stone presentation defined as a surgical procedure, hospital admission, and/or at least 2 emergency room or outpatient clinic visits \<180 d apart for a primary diagnosis of nephrolithiasis using ICD-9th Revision and CPT codes                          Atlanta, Chicago, Dallas, Los Angeles, Philadelphia (USA); 2005 to 2011                                  Time series, DLNM                                        60 433          Mean temperature                                             Daily fluctuations in outdoor activities, season, temperature trends, and differences in the annual at-risk population                                                                                    0 to 20   Kidney stone presentation
  Ordon et al., 2016 \[[@b23-jpmph-52-1-1]\]       Linked healthcare databases in Ontario, Canada, which included all residents aged 19+ y who were admitted to an emergency department for renal colic                                                                                                                                                                                    Ontario, Canada, Apr 2002 to Dec 2013                                                                    Time series, DLNM                                        423 396         Mean temperature                                             Seasonal and long-term effects, daily mean relative humidity, a categorical variable for the day of the week, and an indicator variable for statutory holidays to control for potential holiday effects   0 to21    Daily emergency department visits for renal colic
  Yang et al., 2016 \[[@b24-jpmph-52-1-1]\]        Daily emergency ambulance dispatches for renal colic from Guangzhou Emergency Center; renal colic was diagnosed on the basis of a clinical history, physical examination, urinalysis, and imaging examination                                                                                                                           Guangzhou, China, Jan 2008 to Dec 2012                                                                   Time-series, DLNM                                        3158            Mean temperature, minimum temperature, maximum temperature   Seasonality, humidity, public holidays, and day of the week                                                                                                                                               0 to7     Daily emergency ambulance dispatches for renal colic
  Moyce et al., 2017 \[[@b29-jpmph-52-1-1]\]       A convenience sample of 300 field workers was recruited from 15 farms in agricultural regions of California's Central Valley using the recommended definition and stages of injury from the Kidney Disease: Improving Global Outcomes group                                                                                             California, USA, during the summer of 2014                                                               Logistic regression model                                35              Heat strain                                                  Age, sex, physiological factors, occupational factors                                                                                                                                                     \-        Acute kidney injury cumulative incidence
  Ogbomo et al., 2017 \[[@b30-jpmph-52-1-1]\]      Michigan Inpatient Database, National Climatic Data Center, and USA Environmental Protection Agency O3 data; ICD system, Ninth Revision, Clinical Modification                                                                                                                                                                          Michigan, USA, May to Sep 2000-2009                                                                      Case-crossover design                                    18 073          Mean temperature                                             Age, race, sex, and health insurance payer                                                                                                                                                                0         Hospitalization for renal diseases
  Lim et al., 2017 \[[@b25-jpmph-52-1-1]\]         Hospital admission data were collected from the database of the Health Insurance Review and Assessment Service; The diagnosis of acute kidney injury was based on the primary and secondary disease codes of the ICD, 10th Revision                                                                                                     Seoul, Korea, 2007 to 2014                                                                               Time-series, piece-wise linear regression models         24 800          Mean temperature                                             Day of the week, daily mean relative humidity, daily mean air pressure, and time trend                                                                                                                    0         Acute kidney injury admissions

ICD, International Classification of Diseases; CPT, current procedural terminology; DLNM, distributed lag non-linear model; PM, particulate matter; NO2, nitrogen oxide; O3,ozone.

###### 

Results extracted from the studies included in the meta-analysis

  Author and year of publication                   Temperature variable and range (°C)                                                                    RR/rate ratio (95% CI)   Temperature threshold   Units of study results                                                                                                                                                                                 Outcome and subgroup
  ------------------------------------------------ ------------------------------------------------------------------------------------------------------ ------------------------ ----------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------
  Hansen et al., 2008 \[[@b12-jpmph-52-1-1]\]      Mean temperature (4.4 to 41.9)                                                                                                                          Hospital admissions for renal disease during heat waves (3 or more consecutive days when daily maximum temperatures reached or exceeded 35°C in the warm season) compared with non-heat wave periods   Hospital admissions for renal disease (Adelaide)
  1.10 (1.00, 1.22)                                35                                                                                                      All                                                                                                                                                                                                                                                    
  1.12 (0.98, 1.26)                                35                                                                                                       Male                                                                                                                                                                                                                                                  
  1.10 (1.03, 1.15)                                35                                                                                                       Female                                                                                                                                                                                                                                                
  1.13 (1.02, 1.26)                                35                                                                                                      15-64 y                                                                                                                                                                                                                                                
  1.16 (0.99, 1.33)                                35                                                                                                       Male                                                                                                                                                                                                                                                  
  1.10 (1.02, 1.18)                                35                                                                                                       Female                                                                                                                                                                                                                                                
  1.09 (0.98, 1.20)                                35                                                                                                      ≥ 65 y                                                                                                                                                                                                                                                 
  1.05 (0.92, 1.20)                                35                                                                                                       Male                                                                                                                                                                                                                                                  
  1.08 (0.99, 1.19)                                35                                                                                                       Female                                                                                                                                                                                                                                                
  1.20 (1.04, 1.38)                                35                                                                                                      ≥ 85 y                                                                                                                                                                                                                                                 
  1.05 (0.82, 1.34)                                35                                                                                                       Male                                                                                                                                                                                                                                                  
  1.22 (1.02, 1.45)                                35                                                                                                       Female                                                                                                                                                                                                                                                
  Pincus et al., 2010 \[[@b26-jpmph-52-1-1]\]      Mean temperature (14.2 to 30.1)                                                                        1.29 (1.15, 1.43)        \-                      The summer/winter ratio of renal colic incidence                                                                                                                                                       Presentations of renal colic, all, Melbourne
  Tawatsupa et al., 2012 \[[@b27-jpmph-52-1-1]\]   Heat stress                                                                                                                                             Incidence of kidney disease during heat stress compared with non-heat stress                                                                                                                           Incidence of kidney disease, Bangkok
  1.48 (1.01, 2.16)                                \-                                                                                                      Male                                                                                                                                                                                                                                                   
  0.87 (0.59, 1.28)                                \-                                                                                                      Female                                                                                                                                                                                                                                                 
  Lin et al., 2013 \[[@b10-jpmph-52-1-1]\]         Mean temperature (14.2 to 30.1)                                                                        1.45 (1.27, 1.64)        30                      Kidney disease hospital admissions at 30°C compared with at 25°C                                                                                                                                       Kidney disease hospital admissions, all, 7 study areas in Taiwan
  Bobb et al., 2014 \[[@b28-jpmph-52-1-1]\]        Heat wave                                                                                              1.14 (1.06, 1.23)        \-                      Hospitalization for renal failure during heat wave periods compared with non-heat wave periods                                                                                                         Hospitalization for renal failure, all, USA
  Tasian et al., 2014 \[[@b22-jpmph-52-1-1]\]      Mean temperature (-22 to 36)                                                                                                                            The cumulative RR for a daily mean temperature of 30°C vs. 10°C                                                                                                                                        Kidney stone presentation, all
  1.38 (1.07, 1.79)                                30                                                                                                      Atlanta                                                                                                                                                                                                                                                
  1.37 (1.07, 1.76)                                30                                                                                                      Chicago                                                                                                                                                                                                                                                
  1.36 (1.10, 1.69)                                30                                                                                                      Dallas                                                                                                                                                                                                                                                 
  1.11 (0.73, 1.68)                                30                                                                                                      Los Angeles                                                                                                                                                                                                                                            
  1.47 (1.00, 2.17)                                30                                                                                                      Philadelphia                                                                                                                                                                                                                                           
  Ordon et al., 2016 \[[@b23-jpmph-52-1-1]\]       Mean temperature (-7.0 to 25.4)                                                                                                                         The effect of increased ambient temperatures on daily emergency department visits for renal colic (extreme heat effect: 99th vs. 10th percentile)                                                      Daily emergency department visits for renal colic (Ontario)
  1.48 (1.33, 1.64)                                25.4                                                                                                    All                                                                                                                                                                                                                                                    
                                                                                                                                                           Age (y)                                                                                                                                                                                                                                                
  1.32 (1.08, 1.60)                                25.4                                                                                                     19-39                                                                                                                                                                                                                                                 
  1.52 (1.24, 1.86)                                25.4                                                                                                     40-49                                                                                                                                                                                                                                                 
  1.83 (1.48, 2.27)                                25.4                                                                                                     50-59                                                                                                                                                                                                                                                 
  1.44 (1.06, 1.96)                                25.4                                                                                                     60-69                                                                                                                                                                                                                                                 
  1.14 (0.80, 1.63)                                25.4                                                                                                     ≥70                                                                                                                                                                                                                                                   
                                                                                                                                                           Sex                                                                                                                                                                                                                                                    
  1.64 (1.43, 1.88)                                25.4                                                                                                     Male                                                                                                                                                                                                                                                  
  1.22 (1.04, 1.44)                                25.4                                                                                                     Female                                                                                                                                                                                                                                                
  Yang et al., 2016 \[[@b24-jpmph-52-1-1]\]        Mean temperature (4.8 to 33.9), minimum temperature (1.8 to 29.7), maximum temperature (7.0 to 40.0)   1.92 (1.21, 3.05)        30.7                    RR comparing the 90th percentile of temperature distribution with the reference (21.0°C)                                                                                                               Daily emergency ambulance dispatches for renal colic, all, Guangzhou
  Moyce et al., 2017 \[[@b29-jpmph-52-1-1]\]       Heat strain                                                                                            1.34 (1.04, 1.74)        \-                      Incidence of acute kidney injury during heat strain compared with non-heat strain                                                                                                                      Acute kidney injury cumulative incidence, all, California
  Ogbomo et al., 2017 \[[@b30-jpmph-52-1-1]\]      Extreme heat                                                                                                                                            Hospitalization for renal diseases during extreme-heat periods (daily mean temperature above the 97th percentile on lag day 0) compared with non-extreme-heat periods                                  Hospitalization for renal diseases
  1.14 (1.02, 1.27)                                \-                                                                                                      All (Michigan)                                                                                                                                                                                                                                         
  1.14 (1.07, 1.22)                                \-                                                                                                      Wayne                                                                                                                                                                                                                                                  
  1.16 (0.91, 1.46)                                \-                                                                                                      Washtenaw                                                                                                                                                                                                                                              
  0.86 (0.57, 1.31)                                \-                                                                                                      Ingham                                                                                                                                                                                                                                                 
  Lim et al., 2017 \[[@b25-jpmph-52-1-1]\]         Mean temperature                                                                                                                                        Percentage change in the risk of acute kidney injury admissions stratified by baseline temperatures \<28.8°C and ≥28.8°C                                                                               Acute kidney injury admissions, Seoul
  2.04 (1.58, 2.64)                                28.8                                                                                                    All                                                                                                                                                                                                                                                    
                                                                                                                                                           Sex                                                                                                                                                                                                                                                    
  2.33 (1.69, 3.23)                                28.8                                                                                                     Male                                                                                                                                                                                                                                                  
  1.66 (1.09, 2.52)                                28.8                                                                                                     Female                                                                                                                                                                                                                                                
                                                                                                                                                           Age (y)                                                                                                                                                                                                                                                
  2.04 (1.47, 2.83)                                28.8                                                                                                     \<75                                                                                                                                                                                                                                                  
  2.04 (1.35, 3.08)                                28.8                                                                                                     ≥75                                                                                                                                                                                                                                                   

RR, relative risks; CI, confidence interval.
